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Abstract—In this paper, we propose a cooperative 
positioning technique based on time-of-arrival (TOA), angle-of-
arrival (AOA), angle-of-departure (AOD), and received-signal-
strength (RSS) collected from user equipment (UE) in single-
bounce multipath environment, referred to as CPTAAR, to 
mitigate non-line-of-sight (NLOS) error due to single-bounce 
scattering. This technique can be further improved by a 
proposed weight function of variance of measurements. Then, a 
grouping strategy is integrated with the proposed work to 
reduce the running time of estimation progress, referred to as 
eCPTAAR. The system performance is verified by simulations 
and Cramer-Rao Lower Bound (CRLB). It is shown that the 
proposed techniques can outperform other approaches in terms 
of positioning accuracy and running time. 
Index Terms: cooperative positioning, single-bounce 
scattering, NLOS 
I. INTRODUCTION 
Mobile positioning is an important yet challenging issue 
due to adverse propagation environment [1]. Widely used 
mobile positioning methods are based on parameters like 
time-of-arrival (TOA) [2], angle-of-arrival (AOA) [3], angle-
of-departure (AOD) [4], and received-signal-strength (RSS) 
[5-6].  
The main error of mobile positioning is the non-line-of-
sight (NLOS) error caused by multipath and scattering 
environment, which significantly affects TOA, AOA, and 
AOD. The study on mitigating single-bounce NLOS error 
caused by scattering of different models can be found in [7-
9]. But these methods are based on stationary environment, 
and their positioning accuracy is lower than that of the 
techniques in [10-12] which utilize successive measurements 
and study mobile tracking in scattering environment. Their 
results show that the accuracy can be improved by continuous 
iteration and utilizing more measurements. Therefore, it is 
crucial to improve the original work by other methods which 
can supply more measurements, such as cooperative 
positioning. 
The single-bounce scattering model is considered to be 
suitable for mm-wave transmission environment [13-14]. 
Thus, it is worth studying positioning with single-bounce 
NLOS dominant scattering environment. The previous work 
on positioning with single-bounce scattering was based on 
non-cooperative positioning. In the design of weight for each 
path in the problem formulation, they utilized equal weight 
[7-9], or variance of estimated location [10-11], or only the 
variance of TOA ranging [12] as weight to reduce the 
variation of estimation, but did not consider the effect of 
AOA and AOD on weight.  
Cooperative positioning is an approach to localize the 
target with measurements collected from both known and 
unknown nodes in collaboration. Distributed cooperative 
positioning based on Bayesian estimation methods were 
investigated for wireless sensor networks (WSN) [15-16] and 
wireless local area network (WLAN) [17]. Centralized 
cooperative positioning is more suitable for cellular networks 
thanks to the availability of Evolved Serving Mobile Location 
Center (E-SMLC) [18]. Most work on cooperative 
positioning [18-19] did not consider NLOS errors due to 
scattering and requires higher computational complexity than 
non-cooperative positioning [20] in contrast to mobile users’ 
demands for timely estimation of their location. However, 
most previous work on reducing running time of distributed 
cooperative positioning techniques like [15-16] are limited by 
their own problem formulation and Bayesian estimation 
methods, and they cannot be employed by centralized 
cooperative positioning which is solved by nonlinear 
programming.  
In this paper, a cooperative positioning technique is 
proposed, which employs not only RSS but also TOA, AOA, 
and AOD, to mitigate NLOS errors caused by single-bounce 
scattering. This work is different from the conventional work 
on cooperative positioning which usually ignore the NLOS 
error caused by scattering. To the best of our knowledge, this 
is the first work to consider cooperative positioning for 
mitigating the scattering effect on TOA, AOA, and AOD. 
Also, it achieves higher accuracy than conventional 
cooperative positioning [1] in presence of single-bounce 
scattering. Second, an UE grouping strategy is utilized to 
decompose the original centralized cooperative positioning to 
distributed positioning and save running time. The 
superiority of the UE grouping strategy over existing work is 
that this method does not make any change on estimation 
algorithm, so that it is compatible with others’ estimation 
algorithms. To prove its superiority, we propose the 
integrating method of CPTAAR and UE grouping, referred to 
as cooperative TOA, AOA, AOD and RSS positioning 
enhanced by UE grouping for mitigating single-bounce 
scattering (eCPTAAR). Simulation results show that 
eCPTAAR can quickly estimate the location of unknown UE 
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 with little cost of accuracy. The CRLB is also derived for 
analytical assessment. Finally, a weight function of TOA, 
AOA, and AOD is also proposed to further mitigate NLOS 
errors of BS-UE detection in scattering environment, which 
has not been studied by the previous work [7-12].   
The rest of the paper is organized as follows. Section II 
illustrates the assumptions made and system model adopted 
by the work. CPTAAR and eCPTAAR technique with UE 
grouping strategy are proposed in Section III, along with the 
CRLB. The system performance is assessed in Section IV. A 
throughout discussion is contained by the same section. 
Finally, the conclusion is drawn in Section V.  
II. SYSTEM MODEL AND PROBLEM FORMULATION 
We assume a cluster of M-UEs are distributed among the 
coverage of several vicinity B-cells, where each UE is 
surrounded by m-scatters, and each scattered path is 
measured once. The dominant paths, s = 1, 2, …, m, between 
BS and UE are assumed LOS paths and single-bounce NLOS 
paths. Figure 1 displays an example of 1 BS detecting 2 UEs 
in single-bounce scattering environment. Denote the position 
of j-th UE as {xj = [xj, yj]T,  j = 1, 2, …, M}. The coordinate 
of i-th BS {xBSi = [xi, yi]T, i = 1, 2, …, B} is prior known. Thus, 
the real distance between UE j and BS i is  
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Based on the assumptions, the typical statistic model of 
TOA ranging is [1-2] 
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where t is the measured TOA, c = 3×108 m/s is the speed of 
light, r is the TOA ranging measurement, b is the NLOS error, 
and n is the zero-mean Gaussian distributed error. And b = (r 
- D) is NLOS error assumed to be influenced by only single-
bounce scattering effect as shown by Figure 1.  
And the models of measured AOA and AOD are [1, 3-4] 
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where   is the real AOA and   is the real AOD,   and   
are the extra angle deflected by a scatter in a single-bounce 
NLOS path for AOA and AOD respectively,   and   are 
the measurement noise of AOA and AOD, following 
Gaussian distribution.  
Denote the i-th TOA, local AOD and AOA measurements 
with respect to BS-UE real direction as 
i
r , 
T , and R  in 
Figure 1. With the fixed length between BS and UE, the 
position of a scatter determines the trace of a NLOS path. Set 
s
l  as the distance between the s-th scatter and target UE, the 
coordinate of the scatter is estimated as ))((
BS ss
lr x , 
which reflects the signal sent to UE 
))((
BS sssss
llr  x . 
The probability density function (PDF) of a uniform disk 
scattering model can be expressed as [21] 
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where R is the radius of scattering environment. The total 
deflected path length is expressed by  
 )cos( RlDDllr    (5) 
The UE in proximity locates the neighboring UE by RSS. 
RSS is a measurement indicating the power of received signal 
in ‘dBm’. It can be transformed to distance estimation 
through path loss model [1] 
 S
t XdnAP  ))log((]dBm[[dBm] RSS  (6) 
where 
tP  is the transmit power, A  is the constant term 
related to environment parameters, e.g. frequency, height of 
antenna, etc., n  is the path loss exponent, 
S
X  is the 
shadowing term following Gaussian distribution ),( 
S
N  , 

S
  is variance of shadowing in unit of ‘dB’, and d  is the 
real distance between collaborated UE. For example, distance 
between the k-th UE and the j-th UE can be expressed by 
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In order to obtain coordinates of UE, the number of NLOS 
path of each UE should be greater than or equal to two to 
guarantee acceptable estimation accuracy [7-9]. 
III. COOPERATIVE POSITIONING FOR MITIGATING NLOS 
ERROR DUE TO SINGLE-BOUNCE SCATTERING EFFECT AND 
THE USER EQUIPMENT GROUPING METHOD 
First, we present CPTAAR technique to search the optimal 
location of collaborated UEs which achieve the minimum 
summation of residual error of BS-UE ranging and UE-UE 
ranging. Second, UE grouping strategy is proposed to reduce 
the complexity of cooperative approaches. Third, eCPTAAR 
is obtained from separating the unknown UEs in CPTAAR 
according to UE grouping method.  
A. Cooperative Positioning for Mitigating NLOS Error due 
to Single-Bounce Scattering 
Cooperative positioning is an approach to determine 
geographical location of the target with measurements 
collected from a number of nodes. The cooperative 
positioning is formularized as an optimization problem with 
respect to multivariable objective function. The CPTAAR is 
formed by the BS-UE ranging and angle objective function 
UEBS
f

, and UE-UE ranging objective function 
UEUE
f . The 
weight function jisw  denotes the weight of residual error for 
 
Figure 1. Uniform Disk Model for Single-bounce Scattering Scenario and 
Cooperative Positioning with the Serving BS 
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 the s-th path between j-th UE and i-th BS, and it is derived as 
the variation of each term introduced by 
UEBS
f

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The problem of CPTAAR is formularized as optimization 
problem of nonlinear programming  
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where the BS-UE objective function is defined as sum of 
squared Euclidean distance error [7-8]  
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objective function is updated to 
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and the squared residual error of UE-UE ranging is 
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where the employed weight, 

kj ,
  is the standard deviation of 
estimate distance between k-th UE and j-th UE, and the true 
data can be replaced by mean of measurements alternatively. 
For simplicity, the derivation of (8)-(10) are omitted here.  
The minimization of (9) and (10) is the nonlinear 
programming problem. The above multivariable optimization 
problem can be solved by iterative numerical algorithm, such 
as Quasi-Newton, and Nelder-Mead method. 
B. User Equipment Grouping Method 
UE grouping reallocates the clustered UE with different 
sequences of localization in terms of the standard deviation 
of measurements and reduce running time of estimation 
algorithm wherein all collaborated UEs are reallocated with 
new labels. This separation strategy reduce the running time 
by simply transforming the original whole optimization 
problem to several fractional optimization of smaller sets of 
unknown variables. In order to keep a certain degree of 
accuracy, the UE of the low measurement error are assigned 
to one group, and the UE of the high error are assigned to the 
other group, so that the UE of high measurement error can be 
isolated from those of low error. The degree of measurement 
error is indicated by the standard deviation of relative 
measurements from each UE. Then, position of the UE of low 
error are estimated first, based on which those of high error 
are estimate latter. For example of a terminal group with two-
grouping separation in Figure 2, the index of UE in group h1 
is j=1, 2… a, and the index of UE in group h2 is j=a+1, 2… 
M. Then, the problem is transformed to 
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where positioning of MS in different groups are calculated by 
two steps respectively as specified by  
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The time reduction brought by UE grouping strategy is 
attributed to the less computation and unknown variables in 
optimization progress, even if the total number of unknown 
variables is not changed. Here is an example of complexity 
analysis for positioning two-grouping separated UEs solved 
by Quasi-Newton method of  - optimality. 
Tables I and II display the complexity of the positioning 
problem solved by quasi-newton method in terms of number 
of multiplications and square root before and after UE 
grouping. UE grouping method is expected to be effective 
with large terminal group which consists of many anchors 
and measurements.  
C. Cooperative Positioning Enhanced by User Equipment 
Grouping for Mitigating NLOS Errors due to Single-
Bounce Scattering  
Based on the above two parts, the eCPTAAR technique 
leverages the same objective function as CPTAAR technique, 
but reallocate the estimation sequence with UE grouping. The 
estimation of eCPTAAR technique can be summarized as:  
 
 
Figure 2. Cooperative Positioning Enhanced by Two-Grouping Separated 
4-UE Terminal Group and Reallocated UE-UE Detection 
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 Step 1: Reallocate the terminal group based on the obtained 
standard deviation of UE-UE relative measurement as (11)-
(12).  
Step 2: Estimate the coordinates of UE in group h1 through 
(8)-(10). 
Step 3: Based on the fine results of h1 group, estimate the 
coordinates of the left UE in group h2 through (8)-(10).  
For the real practice, the number of collaborated UE is 
expected to be not greater than six. Thus, a two-grouping 
separation is sufficient to apply for eCPTAAR in a cell. 
D. Cramer-Rao Lower Bound on the Proposed Cooperative 
Positioning 
Cramer Rao Lower Bound (CRLB) expresses the 
minimum variance of an estimator. Now, we present the 
CRLB of the proposed CPTAAR and eCPTAAR location 
problem. 
Denote the measurement error of TOA, AOA, AOD, and 
RSS brought by receiver noise as 
r
n , n , n , and dn , and 
the covariance matrix are 
r
Q , Q , Q , and dQ . Conditional 
pdf of   ,  , and d  are omitted here since they have the 
same format as that of r   
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The Fisher Informatioin Matrix of CPTAAR (14) follows the 
same format as that of cooperative positioning in [22]  
 UEUEUEBS   FFF  (14) 
where 
UEBS
F  and 
UEUE
F  represent the FIM of BS-UE 
objective function and UE-UE objective function 
respectively. But the j-th block of 
UEBS
F , corresponding to 
BS-UE FIM allocated to the j-th UE, is expressed as 
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where the likelihood function of the joint distribution of  
TOA, AOA, and AOD is  
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Fisher Information Matrix of eCPTAAR is similar as that of 
CPTAAR technique, but the FIM is separated into two 
groups. Therefore, the derivation of FIM and CRLB of 
eCPTAAR are separated in terms of different groups. Based 
on the aforementioned example of two-group UE, FIM of the 
group h1 has the same format as CPTAAR, but only call for 
the UEs in group h   
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 Whereas FIM of the group h2 is different, since the UEs in 
group h1 have been obtained and work as anchors as BS for 
the UEs in group h2 
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kj ,
K is correlation matrix equal to negative k-th element of 
matrix 
UEUE
j
F .
 
Finally, the CRLB for j-th UE in both CPTAAR and 
eCPTAAR can be obtained through ),(),( 
jj
JJ , 
where J  is the inverse of FIM.  
IV. SIMULATION RESULTS 
In this section, the effect of the proposed CPTAAR and 
weight function, and eCPTAAR technique have been 
assessed by simulation. 1000 trials of 6-UE terminal group in 
radius of 50 m randomly are generated among classical 7 
hexagon cells in radius of 1000 m, where only one BS is 
available. Signal frequency is 6 GHz. BS is 10 m high, and 
UE was 1.5 m high. 4 scatters are uniformly distributed near 
each UE in the circular area in radius of 200 m. And each 
NLOS path is measured once. Standard deviation of 
positioning measurements, i.e. TOA ranging, AOA, and 
AOD, are 60 m, 5°, and 5° respectively. UE-UE links are 
always LOS, and the standard deviation of shadowing of UE 
belonging to group h1 is random value between 4 dB, and that 
of UE in group h2 is 12 dB. The D2D path loss model in [23] 
is leveraged to generate relative measurements. The setup 
data is same in all simulation unless specified otherwise. 
Least square estimation based on TOA, AOA, and AOD 
measured on single-bounce NLOS scattered path in [8] and 
conventional cooperative positioning based on BS-UE 
detected TOA and UE-UE detected RSS in [1], labelled as 
‘LS method’ and ‘ranging based cooperative positioning’, are 
simulated to make comparisons with proposed work. The 
TABLE I 
COMPUTATIONAL COMPLEXITY OF ESTIMATION 
SOLVED BY QUASI-NEWTON METHOD OF Ε-OPTIMALITY 
FOR THE WORST CASE (Q: NUMBER OF GROUPS, CQ: 
NUMBER OF UE ASSIGNED TO ONE GROUP, B: NUMBER OF 
BS, M: NUMBER OF PATHS) 
item 
analytical complexity 
before UE grouping, 
i.e. (8) 
after UE grouping, i.e. 
(11) 
solved 
by 
Quasi-
Newton  
  
TABLE II 
NORMALIZED COMPUTATIONAL COMPLEXITY OF 
ESTIMATION SOLVED BY QUASI-NEWTON METHOD OF Ε-
OPTIMALITY FOR THE WORST CASE (Ε=0.1, Q=2, M=6, 
C1=3, C2=3, B=1, M=4) 
item 
normalized complexity 
before 
UE grouping 
after UE 
grouping 
Quasi-Newton 
method 
2.65 1 
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 optimization problems in the three cooperative approaches 
are solved by the MATLAB routine fminsearch using the 
Nelder-Mead method. 
Figure 3 describes the higher positioning accuracy 
achieved by the proposed CPTAAR (no weight), weighted 
CPTAAR (wCPTAAR), and eCPTAAR techniques over the 
other two methods. The RMSE of the LS [8], ranging based 
cooperative positioning [1], CPTAAR, eCPTAAR, and 
wCPTAAR were about 86 m, 224 m, 51 m, 54 m, and 39 m. 
And STD of them were about 86 m, 103 m, 32 m, 33 m, and 
29 m. Whereas the ranging based cooperative positioning 
method [1] performed even worse than least square method 
[8], because it was not designed for positioning with one BS 
and scattering environment. But the proposed CPTAAR 
succeeds to integrate the ranging based cooperative 
positioning [1] with LS [8] and outperforms these two 
methods. Another proposed eCPTAAR technique is designed 
to reduce complexity of estimation, and its cumulative 
percentage error curve almost overlaps that of CPTAAR, 
which reflects the same degree of accuracy as CPTAAR. Due 
to weight function, estimation variation is reduced and an 
improvement of 12-meter average error have been saved by 
wCPTAAR than CPTAAR.  
Figure 4 displays the RMSE of LS [8], CPTAAR, 
eCPTAAR, and wCPTAAR methods various number of 
scatters. It is obvious that the accuracy of them increases with 
the number of measured NLOS paths, which performs the 
higher stability and superiority of the CPTAAR over the other 
two methods.  
Moreover, running time consumed by estimation progress 
is succeeded reduced by eCPTAAR technique with cost of a 
few meters accuracy. The average time spent on locating each 
UE was about 0.131078 s by CPTAAR technique, while it 
were 0.034214 s and 0.997767 s by eCPTAAR and 
wCPTAAR. Almost 74% reduction has been achieved by UE 
grouping of eCPTAAR over CPTAAR. Whereas the weight 
function of wCPTAAR increases about 6-fold running time, 
since it is a function of UE coordinates and brings extra 
iteration.   
In summary, CPTAAR succeeds to improve accuracy 
further over the original work [7-8], based on which the 
eCPTAAR technique is effective on reducing the complexity 
of cooperative approaches, and wCPTAAR technique is able 
to achieve even higher accuracy with assistance of the proper 
weight function.  
V. CONCLUSIONS 
In this paper, we have proposed CPTAAR, wCPTAAR 
and eCPTAAR approahces to locate collaborated UE in 
single-bounce scattering environment, and the CRLBs for 
CPTAAR and eCPTAAR have been derived. The proposed 
eCPTAAR technique achieves nearly the same accuracy as 
CPTAAR with reduced computational complexity by 
applying UE grouping for the nonlinear nonconvex 
positioning problem. And the weight function based on 
variance of on TOA, AOA, and AOD measurements has been 
proved effective with cooperative positioning in scattering 
environment, as wCPTAAR further improves the accuracy of 
CPTAAR. In summary, CPTAAR and eCPTAAR both 
achieve enhanced positioning accuracy, and eCPTAAR 
supplies an extra reduction on running time consumed by 
optimization progress in sacrifice of just a few meters 
accuracy. According to simulation results, about 74% 
running time consumed by the estimation progress has been 
saved by eCPTAAR.  
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